Synthetic seismograms are shown and discussed for the case of the receiver within the medium. Most of the discussion is on the reflectivity method with the receiver within the reflectivity zone, but results using the ray method are shown for comparison. Such synthetic seismograms can be used to interpret data from Oblique Seismic Experiments where shots generated on the surface up to large ranges are recorded in crustal boreholes.
Introduction
Methods for computing synthetic seismograms for the case of the receiver within the medium are being investigated as techniques for interpreting Oblique Seismic Experiment data. In an Oblique Seismic Experiment (OSE) seismic signals are received in a borehole from shots fired at the surface at small to large ranges. The experiment has been proposed (Matthews 1973) to study the detailed seismic structure of layer 2 in oceanic crust (Fig. 1) .
Interpretation is based primarily on the direct wave whose angle in the receiver layer varies from 0 to almost n/2. The experiment has three aims:
(a) to determine how typical the seismic structure intersected by the borehole is of the surrounding area, @) to make measurements of attenuation in oceanic crust and (c) to investigate crack density and orientation in layer 2 .
Synthetic seismogram methods could be a valuable tool in interpretation of data with respect to aims (a) and (b) .
Since a sonic log will give the seismic structure of the rock immediately around the borehole, it should be possible to calculate quite accurately the normal incidence waveform. The predicted waveforms should then correspond to the real data up to ranges at which the flat, homogeneous layer assumption ceases to be valid. If the synthetic seismograms can be computed by a technique that allows for attenuation, then wave form matching would provide an estimate of attenuation in the oceanic crust.
Both the ray method (Cerven? & Ravindra 1971) and the reflectivity method (Fuchs 1968c (Fuchs , 1970 were investigated. This discussion deals mostly with the development of the reflectivity method to the OSE case, however, an example of the ray method is given for comparison. Unfortunately, no field data has yet been obtained for the OSE.
Theory for reflectivity method
The derivation of the horizontal and vertical displacements at the receiver for the reflectivity method with the receiver within the reflectivity zone follows the same lines as the derivation for the surface to surface case. Consequently, following Fuchs & Muller (1971) and using their notation, the Fourier transform of the compressional potential incident upon the reflectivity zone is where F ( w ) is the Fourier transform of the source function;Jo is the Bessel function of the first kind, order zero; Pd is the product of transmission coefficients in the source region for the downgoing wave; k is the horizontal wavenumber in the source region; z,+1 represents the upper side of the (m + 1)th interface; v,i is the vertical wavenumber for compressional waves, i.e.
where ai is the P-wave velocity in layer i, and j is the square root of -1. The geometry for the derivation is shown in Fig. 2 . The solutions to the wave equations for the compressional and shear potential in the 
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Here vpj is the vertical wavenumber for shear waves. Now if Vj (z) E (z), *: (z), (z), *; (2)lT then These statements assume that no shear potential is incident on the reflectivity zone from above and that neither compressional nor shear potentials are incident from below.
where R and T are the phase related reflection and transmission matrices for the complete reflectivity zone and 'R", "R', and are the matrices for those sections bounded by the superscripts. (The letters D and U denote incidence from above and below respectively.)
Assuming that the Kennett Matrices have been calculated to give the response on the upper (-) side of each interface and putting the receiver in the Ith layer at depth Z we get and (5 1
Since V, " (z,+~) is known [(l) and (3)], V? (z) and Vy(z) can be calculated from (4) and (5). Then the Ai, Bi, Ci, and Di in (2) for the receiver layer can be obtained
in terms of the matrices U and W introduced in equation (4). Substituting these expressions In computing the coefficients p ( w , y ) and o(o,y) it is convenient to put a layer boundary at the depth of the receiver and to make the elastic parameters on either side of the boundary identical. If the boundary is put at z = zl+l then p(w, y) and a(w, y) become For the exact solution to (9), y 1 = 0 and yz = s / 2 ti". The solutions in (9) are in the same form as the solutions for the surface to surface case. The integration can be performed by the stationary phase method (Fuchs 1971) or by direct numerical integration (Fuchs 1 9 6 8~) . When using direct numerical integration the length of the integration window can be reduced (Fuchs & Muller 1971) .
Numerical calculations for reflectivity method
A Fortran IV computer program for calculating surface-to-surface seismograms (Fuchs & Muller 1971 ; Kennett 1974 Kennett ,1975b ) was adapted to solve equation (9). The major change was to replace the subroutine for calculating reflection coefficients for reflection from the top of the reflectivity zone, with a routine for calculating the Coefficients u and p. Kennett's (1974) method for calculating the reflection and transmission coefficients using phase related reflection and transmission matrices was used. In the calculation of m T r the phase related coefficient method is more straight forward than the Fuchs method (Fuchs 1968a where m Itl = mikmil -rnirmjk and the mii are the coefficients of matrix M defined by There are numerical difficulties in calculating M directly so the determinants m I : ; , m 1:;
and ml:; are evaluated independently (Dunkin 1965) . It is not clear how the coefficients m31, m32, m33, 11241, 11242 and mq3 would be calculated to avoid the numerical difficulties. In the phase related coefficient method however the transmission coefficients are an integral part of the calculations and little additional computation is necessary to evaluate mT1. The numerical difficulty does not arise because the expressions for the phase related Coefficients contain no terms of the form exp(-jpaikam z i ) . Terms of this type become large for imaginary qai and can lead to loss of significance in the calculations.
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It is possible in the Kennett method to truncate the ray expansion for each layer to just the primary response or to the primary response plus first multiples (Kennett 1975b ). This facility was maintained in the OSE version. From Kennett (1974) the overall reflection and transmission coefficients for downward propagation in terms of the coefficients at the two interfaces z = z1 and z = z2 are The terms on the right are Kennett coefficients, U and D represent upward and downward propagation respectively and the superscripts denote the region for which the coefficients apply. I is the unit matrix. Expanding the inverse matrix as a truncated power series gives:
The primary response is the response due to the first term in the expansion in each equation (q = 0). For reflection it is the primary reflection from both interfaces and for transmission it is the direct wave. The second term in each case (q = 1) adds the effect of the first multiple in the layer.
For the case of the receiver within the reflectivity zone the three levels of computation can be summarized as:
(1) Primary response -direct transmission through all the layers above the source and prima@ reflections from all layers below the source (q = 0).
(2) Primary response plus first multiples -as in (1) but including the first multiple reflection in each layer (4 = 1).
(3) Complete response -direct transmission plus all reflections and multiples. This is the response represented by equations (13). In each case all possible P to S interconversions are included.
The program evaluates the integral by direct numerical integration using the trapezoidal rule. For computing purposes y is specified in degrees. Typical integration increments are 0.1-0.25'. The integration is carried into the complex region by keeping y real but greater than 90' and redefining siny appropriately. That is, for y > 90" where c = e x p y --.
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For example y = 96.5683 y = 90" + j6.568" and y = a12 + jO.115 are equivalent in this notation.
When y is real it represents homogeneous waves incident on the reflectivity zone with angle 7. When y is complex it represents inhomogeneous waves in the layer above the reflectivity zone.
The geometry for an OSE in average oceanic crust was shown in Fig. 1 . Unless otherwise stated this is the model used in all the examples. The P-wave velocity (a) is shown in Fig. 1 and S-wave velocities (0) and densities (p) are related to it by: 0 = cull .732, p = 0.252 + 0 . 3 7 8 8~~.
In all cases for the reflectivity method the top of the reflectivity zone corresponds to the top of the sediment layer.
For all examples shown the source wavelet is defined by In a first analysis, vertical component synthetic seismograms were calculated for average oceanic crustal structure with the water replaced by a solid of equivalent P-wave velocity (Figs 3-5). Two factors were evident in the computation: (a) For the same models the OSE requires a smaller integration increment than the surface-to-surface case. (b) Integration over the complete range of real y is necessary to produce a proper wavelet at short ranges and to minimize a false arrival which is generally present at short ranges.
For the seismic structure of Fig. 1 the maximum integration increment for the surface to surface case to produce noise free structure is 0.25. For the OSE case this value is 0.15 suggesting that the integrand in (9) where Cl and C2 are the maximum and minimum apparent velocities of the significant Fig. 1, primary response only. The dashed line (----) shows P-wave travel times adjusted to correspond to the centre of the source wavelet. The unevenly dashed line (--) is the same for P-S conversions at the top of the reflectivity zone. arrivals. From models run on both the surface to surface case and the OSE case this rule of thumb seems to be adequate for y, at all ranges, but for yz the relation is satisfactory only at large ranges. Fig. 6 shows the effect of different y2 on the seismograms. With increasing y2 the direct form at short ranges looks more like the source wave form and the false arrival diminishes. Note that carrying the integration a short distance into the complex y region has little effect on the magnitude of the false arrival. Distortion of the direct arrival and the presence of false arrivals appear to be related effects and both phenomena can be explained by the integration in (9) not being carried out to high enough y.
The y integration in (9) is a Hankel transform and at large ranges the integral approaches a Fourier transform. If the Fourier transform interpretation is applied to short ranges the omission of energy in the transform results in aliasing (Kanasewich 1973) . Not only is the 
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energy less for proper arrivals in the time domain, but this lost energy reappears folded back into the time period producing a false arrival.
'Large ranges' in this discussion means ranges large enough that k,,, r sin y, the argument of the Bessel function, is greater than 15 for those values of o and y which contribute most to the integral. If this is the case then the Bessel function can be approximated by which is an oscillating function and the stationary phase method could be used to evaluate the integral in (9) (Fuchs 1971) . This method assumes that the bulk of the contribution to the integral comes from a region immediately about the 7's corresponding to the stationary phases. At small ranges the Bessel function becomes less oscillatory until at r = O , Jo(kaor sin y) = 1, for all y. The stationary phase technique cannot be applied and significant contributions to the integral are made by y's over a large window. Since the 1/x'l2 term is no longer present higher values of y are weighted heavier than for the long-range case.
Note that for the pseudo-oceanic model a false arrival still exists for r = 0.1 when the integration is performed over all real y. This implies that a certain amount of energy in the integrand comes from complex y. The assumption that it is sufficient to consider only real angles of incidence into the reflectivity zone appears to break down in the OSE case. Since the receiver is in the reflectivity zone it is very possible that complex 7 may make large contributions to the response. At large ranges these complex y represent evanescent waves and Stoneley waves which cling to boundaries and would have a bigger effect as the receiver gets close to an interface.
The extent to which inhomogeneous waves at the receiver are considered however, is limited by the restriction to real angles of incidence and the velocity of the incident layer a,. Since the angles of incidence in the layer are restricted to [0, n/2) the contributing angles in the receiver layer are limited to [0, sin-'(a&,)] which may not be adequate.
Indeed, if am = 2.8, a y2 of 90" + j66" is necessary to get the same contribution in the receiver layer as a yz of 90" at a, = 2.1. Thus some models, those where the receiver is close to a boundary, where a, is large, or where there is extensive channelling of evanescent waves, may require the integration of (9) to be carried a long way into the complex 7 region. Since the integration increment cannot be made larger than 0.15, the extension of the limits of integration in (9) to complex values of y can increase the computing time prohibitively.
In spite of the computational problems the seismograms are interesting. Fig. 3 shows the vertical component seismogram for average pseudo-oceanic crust for the case of primary response only. Travel-time curves are included for direct P and PS waves and reflected P and PS waves from the top of layer 3. The conversion for the PS wave is at the top of the reflectivity zone. Note the change at 2.1-3.1 km from dominantly P-wave arrivals to dominantly S-wave arrivals. Fig. 4 shows the same case as Fig. 3 but includes first multiples. Travel-time curves are shown for PPP'PP, PSS'SS, PPP'PPP', PSS' SSS' and PPS' SS. (In this notation each letter represents one-way travel in a layer. The first ray path starts at the source and the last ray path ends at the receiver. Compressional and shear waves are represented by P and S respectively. Unprimed quantities represent downward propagation and primed quantities represent upward propagation.)
At short ranges the direct P wave which has bounced once in the sediment can be detected. At larger ranges the combined effect of the direct and reflected P waves is noticeable. Also at large ranges the P-S conversion at the sea bed lengthens the S-wave arrivals. At intermediate ranges the PPS' SS arrival can be seen. This seismogram shows the effect of waves reflected off the top of the reflectivity zone.
The full response is shown in Fig. 5 . The arrivals are broadened a little more but there is no major change. The rippling on the 0.1-km trace has little significance and may be the result of bias in the Fourier transform.
Raymethod
The calculation of synthetic seismograms by the ray method was based on asymptotic ray theory described by Cerveng & Ravindra (1971) . No conversions to S-waves were allowed and P-wave multiple reflections in each layer could be specified to a certain extent. As in the reflectivity method the receiver was considered to be at the interface between two layers of identical properties. Layers above the receiver would have a path corresponding to transmission and layers below the receiver would contain the conventional reflection paths. Codes were generated in the form K, J(N), N = 1, K (Hron 1972) where K is the number of layers and J ( I ) is the number of multiples to be considered in the Ith layer. There is a restriction at the receiver interface because of the identical layers on either side. If L is the receiver interface then J(L -1) = J(L), J ( L ) + 1. The first case represents waves incident from above and the second-case waves incident from below. Fig. 7 shows some examples.
The vertical component synthetic seismogram computed by the ray method for average oceanic crust with the water replaced by a solid of equivalent P-wave velocity is shown in Fig. 8 . The source wavelet is the same as for the reflectivity seismograms however, the wavelets have been moved ahead 0.45 s so that the proper arrival time corresponds to the middle cross-over point. First multiples are included.
The direct arrival and reflection from the top of layer 3 can be seen at short ranges, however, the amplitude of the reflection is smaller than in the reflectivity case. With increasing range the direct P-wave amplitude dies away rapidly until only the reflected-refracted arrival from the top of layer 3 is detectable. No later arrivals are evident. This behaviour contrasts sharply with the strong direct wave arrivals seen throughout in the reflectivity case. The decrease of P-wave amplitude with distance is reasonable since at large ranges the direct wave approaches the receiver at large angles and P-wave motion is horizontal. Also at large ranges the S-wave arrival is significant and P-S-wave conversions become important. Thus, to model the response for the receiver within the medium would require a consideration of S waves which this program was not designed to do.
Conclusions
The reflectivity method applied to the OSE case is certainly capable of producing accurate seismograms at large ranges. At small ranges, however, where the synthetic seismograms are likely to be of most help, the quality of the seismograms will be a function of the model. As
Synthetic seismograms -receiver in reflectivity zone 181 with surface to surface reflectivity programs the OSE program is expensive in terms of computing time. The program, however, is considered to be a valuable tool for interpreting OSE data.
Synthetic seismograms based on ray theory which include only P-wave multiples are generally inadequate for the OSE case. The more complicated problem of including all significant S-waves and P-S wave interconversions, (Hron 1972) must be considered.
